LH, Green DJ. Age and sex relationship with flow-mediated dilation in healthy children and adolescents. J Appl Physiol 119: 926 -933, 2015. First published August 6, 2015; doi:10.1152/japplphysiol.01113.2014.-Flow-mediated dilation (FMD) is a noninvasive technique used to measure conduit artery vascular function. Limited information is available on normative FMD values in healthy children and adolescents. The objective of this study was to assess relationships between age and sex with FMD across childhood and adolescence. Nine hundred and seventy-eight asymptomatic children (12 Ϯ 3 yr, range 6 -18 yr, 530 male) underwent ultrasonic brachial artery assessment before and after 5 min of forearm ischemia. Sex differences in FMD and baseline artery diameter were assessed using mixed linear models. Baseline artery diameter was smaller in females than males [2.96 mm (95% CI: 2.92-3.00) vs. 3.24 mm (3.19 -3.28), P Ͻ 0.001] and increased with age across the cohort (P Ͻ 0.001). Diameter increased between ages 6 and 17 yr in males [from 2.81 mm (2.63, 3.00) to 3.91 mm (3.68, 4.14)] but plateaued at age 12 yr in females. Males had a lower FMD [7.62% (7.33-7.91) vs. 8.31% (7.95-8.66), P ϭ 0.024], specifically at ages 17 and 18 yr. There was a significant effect of age on FMD (P ϭ 0.023), with a reduction in FMD apparent postpuberty in males. In conclusion, the brachial artery increases structurally with age in both sexes; however, there are sex differences in the timing and rate of growth, in line with typical sex-specific adolescent growth patterns. Males have a lower FMD than females, and FMD appears to decline with age; however, these findings are driven by reductions in FMD as males near maturity. The use of age-and sex-specific FMD data may therefore not be pertinent in childhood and adolescence. endothelial function; aging; pediatrics; vascular health ALTHOUGH THE CLINICAL MANIFESTATIONS of cardiovascular disease (CVD) become apparent in mid to late life, atherosclerosis has its origins in childhood (26, 37), with early stages apparent during fetal development (5, 36). Effective early detection in individuals at increased risk of future CVD is critical for CVD prevention, yet commonly used cardiovascular risk algorithms based on "traditional" risk factors, such as the Framingham risk score, often fail to accurately predict the presence of atherosclerosis (19) and are unsuitable for use in children.
These findings emphasize the need for alternative methods of risk stratification in young asymptomatic individuals.
Endothelial dysfunction is considered a manifestation of the cumulative impact of traditional risk factors and an early sign of atherosclerotic disease (42) . It is present in young children who have CVD risk factors (8) and is reversed by interventions known to diminish CV risk (21, 43, 44) . Assessment of endothelial function may potentially represent a quantitative method to assess the presence and extent of childhood CV risk before the development of overt disease. Ultrasound imaging during flow-mediated dilation (FMD) (8) is the noninvasive assessment of peripheral conduit artery diameter response to elevated flow and shear stress following a brief period (usually 5 min) of limb ischemia (39) . FMD is primarily a nitric oxide-mediated, endothelium-dependent response (14) that strongly and independently predicts CV events among adults (15, 18) .
Despite the widespread use of FMD in pediatric research to identify endothelial dysfunction, to our knowledge there are currently no published normative values from childhood to adolescence. As a result, endothelial dysfunction can only be defined in a study-specific context, rendering between-study comparisons of "abnormal" FMD problematic. The primary aim of the current study was to determine the differences in, and relationships between, FMD and age, and FMD and sex in a large group of healthy children and adolescents, and to provide normative reference values for FMD across childhood and adolescence.
METHODS
Nine hundred and seventy-eight asymptomatic children (12 Ϯ 3 yr old, 530 male; Table 1 ) were included in data analysis. Data were generated by the Vascular Research Group at Liverpool John Moores University (n ϭ 421), The Laboratory of Integrative Human Physiology at University of Minnesota (n ϭ 526), and University of Western Australia (n ϭ 31) from vascular research studies that occurred between 2008 and 2012. Via parental completion of a health screening questionnaire, all subjects were deemed healthy, normotensive, and not suffering from known CV or metabolic conditions. Subjects were not using any vasoactive medications, and participants with body mass index (BMI) Ͼ25 kg/m 2 based on age-and sexspecific cut points were excluded (9) . Ethics approvals were obtained from Liverpool John Moores University, University of Minnesota, and University of Western Australia Ethics Committees. Written and verbal informed consent was obtained from parents/guardians and children before participation in the study.
Subjects were required to attend a laboratory to complete anthropometric and vascular testing. All assessments were made in a quiet temperature-controlled room. Participants and their parents/guardians were informed that children must undertake a 4-h fast prior to assessment and avoid any strenuous physical activity for 24 h prior to testing. Height and weight were determined using a wall-mounted stadiometer and an electronic scale, respectively. BMI was calculated as the body weight in kilograms divided by the height in meters squared.
Assessment of conduit vessel function. Brachial artery internal diameter was measured using high-resolution ultrasonography (Sequoia 512, Siemens, New York, NY or Terason t3000, Teratech) with an 8-to 12-MHz probe to visualize the brachial artery in longitudinal section. B-mode images were obtained at a reproducible point in the distal third of the upper arm. Ultrasonic parameters were set to optimize longitudinal, two-dimensional B-mode images of the luminal-arterial wall interface with the focal zone set to the near wall. Once set, these parameters remained constant throughout the session and the probe was held in a constant position. Endothelium-dependent vasodilation was assessed by measuring FMD after 5 min of forearm ischemia (28) . Briefly, a 1-min baseline measurement was taken, and then a pneumatic rapid cuff inflator (Hokanson, Bellevue, WA) placed around the forearm distal to the humeral epicondyle was inflated to 220 mmHg for 5 min (39) . Recording of the image ceased on inflation of the cuff and recommenced 30 s before deflation. Recording continued for a period of 3 min post-cuff deflation (6, 39) . All laboratories involved in the study demonstrate good reproducibility for the FMD technique; when FMD was measured 7 days apart, the coefficient of variation was 11.1% for University of Minnesota, 14.7% for University of Western Australia (47), and 10.9% for Liverpool John Moores University (40) .
Posttest analysis of brachial artery diameter. Data were analyzed with the use of custom-designed automated edge-detection and walltracking software, the validity and reproducibility of which have been previously demonstrated (11, 13, 40, 47) . B-mode frames were assessed by automated edge-detection software through the use of pixel density and frequency distribution algorithm. An optimal region of interest was initially selected by the sonographer from the first B-mode image on the basis of the quality of the image and discrimination between the intima and lumen, and then all subsequent analysis was conducted via the automated edge detection. Although the initial selection of the area of interest is operator determined based on optimizing image quality, all subsequent analysis is operator independent and carried out without investigator bias (16) . Peak dilation during the each study was defined as the greatest percent change from resting baseline brachial artery diameter.
Statistical analysis. All statistical analyses were performed using SPSS software (21.0; Chicago, IL). After visual inspection of the Q-Q plot for residuals created for all variables, residual data were deemed normally distributed. Sex differences were assessed using independent groups t-test or analysis of covariance. Pearson's correlation coefficients (two tailed) were used to describe the strength of relationships between the dependent variables (FMD and baseline artery diameter) and potential covariates [shear rate area under the curve (SRAUC), height, weight, and BMI]. Although significant associations existed between baseline artery diameter and height, weight, and BMI, collinearity diagnostics indicated that there were issues between age (independent variable), height, weight, and BMI [variance inflation factor (VIF) mean Ͼ10 and tolerance Ͻ0.2] (7, 29) ; as a result, it was deemed inappropriate to include these variables as covariates in the model. In line with previous findings (3), SRAUC was also omitted from the covariate analysis because no relationship was apparent between FMD and SRAUC (subsample with SRAUC data available, n ϭ 580, r ϭ 0.039, P ϭ 0.348).
Baseline artery diameter and FMD were then analyzed for differences by age, sex, and age ϫ sex interaction using mixed linear modeling. In addition, FMD data were analyzed with covariate control for baseline artery diameter (adjusted FMD); this approach allows FMD to be scaled for changes in artery diameter (2, 4) . Statistically significant differences were followed up with the least significant difference (LSD) approach to multiple comparisons (31) . Regression analysis by sex was performed to determine the relationship between age and primary outcomes. Finally a three-way (laboratory ϫ age ϫ sex) mixed linear model was employed to determine any between laboratory differences across the cohort. Data are means (95% CI) unless stated otherwise, and statistical significance was taken as P Ͻ 0.05.
RESULTS

Differences between laboratories.
There were no significant differences in FMD (P ϭ 0.160) or baseline artery (P ϭ 0.398) diameter across ages or sex between laboratories.
Descriptive data. Descriptive characteristics for the whole cohort and by sex are presented in Table 1 . The distribution of children in each age group and descriptive data by age are presented in Table 2 . There were no significant differences between males and females for age, height, weight, or BMI (P Ͼ 0.05; Table 1 ). Across the cohort and in both sexes, height, weight, and BMI increased with age (P Ͻ 0.05; Tables  2, 3 , and 4). However, males had a significantly larger baseline brachial artery diameter (3.24 Ϯ 0.56 vs. 2.96 Ϯ 0.43 mm, P Ͻ 0.001; Values are means (95% CI); n ϭ no. of subjects. P value denotes significant sex difference. BMI, body mass index; FMD, flow-mediated dilation; time to peak, time to peak diameter post-cuff deflation during FMD test.
with age across the cohort (P Ͻ 0.001), and there was a significant interaction between age and sex (P Ͻ 0.001; Differences in FMD. Females had a significantly larger FMD than males (P ϭ 0.024; Table 1 ), although pairwise comparisons indicate that sex differences were apparent at ages 17 and 18 yr only (P Ͻ 0.01). FMD declined with age across the whole cohort (P ϭ 0.023; Table 2 and Fig. 2A ). Pairwise comparisons indicate that FMD at age 18 yr was significantly lower than at ages 6, 10, 11, 13, and 16 yr; in addition, FMD at age 8 yr was significantly lower compared with ages 6, 10, and 11 yr (P Ͻ 0.05). There was no interaction between age and sex for FMD (P ϭ 0.101; Fig. 2A ). Age significantly predicted FMD in the males (␤ ϭ Ϫ0.202, P Ͻ 0.001), but not in females (␤ ϭ Ϫ0.018, P ϭ 0.770; Fig. 2B ).
When FMD was adjusted for baseline artery diameter, sex differences were attenuated (P ϭ 0.261; Table 1) ; however, the impact of age remained (P ϭ 0.024; Table 2) , with post hoc analysis revealing FMD was significantly higher at age 8 yr compared with all other groups except for ages 6 and 10 yr, and a significantly higher FMD at age 10 yr compared with ages 7, 14, and 15 yr (P Ͻ 0.05; Table 2 ). There was no age ϫ sex interaction (P ϭ 0.396). Regression models, including baseline artery diameter, indicate that age no longer affects FMD in males (␤ ϭ 0.016, P Ͻ 0.166) but does affect FMD in females (␤ ϭ 0.024, P ϭ 0.014).
DISCUSSION
The primary aims of this cross-sectional study were 1) to determine the relationship between conduit artery endothelial function and age in healthy children and adolescents, 2) to assess the relationship between sex and FMD in these age groups, and 3) to generate age-and sex-specific reference data that can be used as a means of defining normal FMD values in young people. The results from our analysis indicate that FMD was significantly related to age in the whole cohort and that FMD is larger in females than males, although these sex differences are diminished when covariate control for baseline artery diameter is applied and, furthermore, appear to be driven primarily by differences in FMD at 17 and 18 yr; thus FMD does not appear to be age and sex dependent between the ages of 6 and 16 yr. Males had a larger baseline brachial artery diameter compared with females, and baseline brachial artery diameter increased with age in both sexes, although sex differences in the timing and rate of this growth were apparent, implying that age-and sex-specific data are more important for artery size than for endothelial function. Values are means (95% CI); n ϭ no. of female subjects in each age group. Values are means (95% CI); n ϭ no. of subjects in each age group.
A previous review proposed the hypothesis that FMD may not alter during healthy childhood and adolescence (12) . The basis of this hypothesis was derived from interpolation of data collected from multiple laboratories using different protocols (20, 27, 41, 46) in small samples of healthy children across a limited age range. However, it is accepted that the validity and reliability of FMD depends largely on consistency of methodology. We therefore aimed to address these limitations by pooling large sets of pediatric data collected in well-established vascular research laboratories (Liverpool John Moores University, University of Western Australia, and University of Minnesota), which followed the same experimental protocol and complied with current best practice guidelines (39) . In line with the Fernhall and Agiovlasitis (12) hypothesis, and Marlatt et al. (23) , who recently reported no differences in FMD across Tanner stages, we observed similar FMD across the younger ages but no differences in older adolescents, indicating that there is little difference in FMD throughout childhood and adolescence.
Females had a larger FMD than males (Table 1) , specifically at ages 17 and 18 yr ( Fig. 2A) , and there was a small but significant decrement in FMD with age in males (Fig. 2B , ␤ ϭ Ϫ0.202, P Ͻ 0.001) but not females (Fig. 2B , ␤ ϭ Ϫ0.018, P ϭ 0.770). As one may expect, when FMD is adjusted to account for baseline artery diameter, the decline in male FMD with age is attenuated (␤ ϭ 0.016, P Ͻ 0.166). Interestingly though, this analysis revealed a very small but significant increase in FMD in females with age (␤ ϭ 0.024, P ϭ 0.014), which appears to be driven by a year-to-year increase in FMD from age 15 yr (Table 3) . Taken together, these data indicate that the sex differences observed in our study are actually driven by improvements in female FMD that occur at ϳ15-16 yr of age and imply that the end of puberty may therefore be a critical point for sex-specific changes in endothelial function. This finding is consistent with several studies indicating that higher estrogen levels are associated with enhanced vascular function (34) . These data also suggest that the use of age-and sex-specific reference values for FMD may not be necessary in all pediatric age groups; instead, a single reference value may be suitable for children ages 6 -16 yr. Accordingly, when the 17-and 18-yr-old were removed from the analyses, 95% CI data indicate a normal FMD would be in the range 7.7-8.2%.
Similarly to age, the impact of height and weight on FMD throughout childhood appears to be negligible. In agreement with our previous findings (17), we did not observe an association between FMD and weight in our cohort of healthy children; it should be noted, however, that children with BMI Ͼ 25 kg/m 2 were excluded from the current study. We are therefore unable to comment on the impact of obesity on FMD throughout childhood and adolescents. Associations between FMD and height were of the same magnitude between the current and our previous observations (r ϭ Ϫ0.10, P ϭ 0.002 and r ϭ Ϫ0.14, P ϭ 0.11, respectively) but reached statistical significance in the current study due to the much larger sample size. Despite a significant relationship, the coefficient for height and FMD was weak and is arguably mediated via the much stronger relationship between height and baseline artery diameter (r ϭ 0.553, P Ͻ 0.001). We observed moderate associations between baseline artery diameter and height and weight; however, these variables are also very strongly related to age (r ϭ 0.871, P Ͻ 0.001 and r ϭ 0.750, P Ͻ 0.001, respectively). Taking these findings together, there are clearly issues of collinearity to consider when choosing the most appropriate scaling methods, if any, for this type of study. With these issues in mind, and in line with our previous recommendations (17) , we chose not to scale data for height or weight, and instead chose to perform allometric scaling of our FMD data for baseline artery diameter (2, 4) .
Overall, baseline brachial artery diameter was smaller in females than males [2.96 mm (2.92-3.00) vs. 3.24 mm (3.19 -3.28), P Ͻ 0.001], and differences were particularly apparent as males neared biological maturity (Fig. 1A) . Age was a significant predictor of brachial artery diameter in both males and females. Furthermore, significant associations between baseline artery diameter and height and weight were also apparent in both sexes, which further supports the hypothesis that the size of the artery diameter may be mediated by maturation and growth. A steady age-related increase in brachial artery diameter is apparent in both males and females; however, the rate of increase becomes more marked as males reach the age of 13-14 yr and continues at this rate until peak at age 18 yr. Conversely, in the females, changes are subtle and peak brachial artery diameters appear much earlier, at around age 14 yr. Interestingly, the changes observed appear to coincide somewhat with the timing and changes in the tempo of growth expected in normal development (24, 25) ; however, due to having insufficient numbers of children with the necessary growth and maturational status data (Tanner stage or time Values are means (95% CI); n ϭ no. of male subjects in each age group.
from peak height velocity) in our cohort, we are unable to definitively comment on the developmental effects on vascular structure and function. A critical explanation for our findings most likely relates to the different effects of estrogen and testosterone during puberty and between sexes. Estrogen modulates molecular pathways that improve vascular endothelial function (1) and may confer direct protection to the vessel wall (45) . Accordingly, previous findings indicate that adult females have greater carotid artery compliance and distensibility than males; however, there were no sex differences apparent in children (22) . Our findings support this previous study; despite finding an overall sex difference in FMD, this difference appeared to be primarily driven by changes in FMD in from ages 16 -18 yr (Fig. 2A) . Conversely, sex differences in baseline brachial artery diameter are apparent throughout childhood (Fig. 1A) , but there is an upsurge in the rate at which males' artery diameter increases at age 12 yr. These changes appear to correspond to the onset of puberty in males (33, 38) , when prolonged excretion of pituitary luteinizing hormone increases concentrations of testosterone and dihydrotestosterone, which in turn promote growth in muscle and other tissues (32) , and may also influence the rate of growth of the vasculature. In females, recent data indicate that age at menarche is related to adult brachial artery diameter (35) and suggest that the hormonal changes, specifically in estrogen, brought about by the onset of menarche in females play a key role in regulating arterial diameter. This would appear to fit with the occurrence of the plateau in artery diameter in the females in the current study; however, because we do not have data related to the onset of menarche, we are unable to specifically test this hypothesis.
A key limitation that has prevented cross study/laboratory comparison of normal FMD data has been the lack of consistency in experimental protocols used between groups. One of the major strengths of the current analysis is the use of a clear protocol that has been set out as "standard" by the most recent methodological guidelines for the technique (39) . Furthermore, compared with previous studies in which FMD data were collected across a limited age range of children, we have been able to provide data in healthy children from age 6 to 18 yr. Despite these strengths, there are some key limitations that should be taken into account when interpreting the data. First, we did not utilize a within-subject longitudinal study design, increasing the likelihood of between-subject variability influencing results. Nonetheless, previous data (30) imply that, even within subjects, exogenous factors can have a large impact on FMD. Second, we were unable to account for maturation in the current study; however, previous findings indicate that endothelial function does not differ by Tanner stage and thus imply that accounting for pubertal stage when reporting vascular data in children and adolescents may be unnecessary (23) . Third, because we did not have sufficient artery wall or smooth muscle function data to assess their relationship with age and sex, we are unable to comment on the impact of age on these structural and functional parameters; however, Marlatt et al. (23) have previously demonstrated no changes in smooth muscle function over stages of pubertal development. Fourth, due to the retrospective nature of the current study, we were unable to collate SRAUC data for the whole sample (398 children without SR data); however, data from those with complete SRAUC data (n ϭ 580) indicate no relationship between SRAUC and FMD (r ϭ 0.039, P ϭ 0.348), in line with previous studies in children which have found no relationship between SR and FMD. Although the protocol used to collect the vascular data was identical between laboratories, different analysis software was utilized in each laboratory; nonetheless, all laboratories used automated wall-tracking and edge-detection software programs that demonstrate good validity and reproducibility (10, 47) , and analyses revealed no systematic difference in FMD by cohort, age group, or sex according to the analysis approach or specific laboratory, thus providing further support for the stringent adherence to the current best practice guidelines (39) . Finally, we were unable to access age in months for all children in the cohort, so age in years was used in data analyses. We accept that this may have some impact on the findings given that there may be large chronological and maturational differences between children in the same age group; furthermore, although we made every effort to maximize participant numbers in each age group, there are some ages where sample size is relatively low, which may also potentially impact results.
Conclusions. This is the first study, to our knowledge, that aimed to empirically determine the relationship between FMD, age, and sex in healthy children and adolescents. The results from our analysis indicate that there does appear to be age and sex differences in FMD, but that these differences are only apparent as adolescents near the mature state (Ͼ16 yr old). These data suggest that age-and sex-specific FMD data are not needed in pediatric populations. Additionally, we demonstrate a sex-specific increase in baseline artery diameter with age that appears to be associated with the timing and tempo of pubertal development. 
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